The structure of a Ni-substituted Al 13 (Ru,Ni) 4 phase was analyzed by single crystal X-ray diffraction. The present analysis revealed the distribution of Ni at five heavy metal sites of Ru/Ni(1), Ru/Ni(2), Ru/Ni(3), Ru/Ni(4) and Ru/Ni(5). The anisotropic contraction of the corresponding coordination polyhedra around heavy metal sites was also suggested together with a variation of lattice constants as a function of Ni content.
Introduction
Al-Ni-Ru is a new quasicrystal-forming alloy system, in which both decagonal and icosahedral quasicrystals with high quasicrystalline quality have been found. [1] [2] [3] Al-Ni-Ru decagonal quasicrystals (D-phases) can have 0.4 nm and 1.6 nm periodicity along the tenfold axis. 4) In particular, the D-phase with 1.6 nm periodicity is a thermodynamically stable phase, which can be formed by fully annealing at high temperatures. It is well known that, in many quasicrystalforming systems, there exist some crystalline phases whose structures are closely related to those of quasicrystals. And the important structural information of such interesting crystalline phases in the Al-Ru-Ni system were also discussed by high-resolution electron microscopy. [5] [6] [7] These crystalline phases are generally referred to as approximants because their local atomic arrangements are similar to those of quasicrystals. In this context, the structural information of an approximant is essential in order to clarify the local structure of the corresponding quasicrystal. Although the phase diagram for the Al-Ni-Ru alloy has been reported previously, [8] [9] [10] there is not detailed structural information about Al-Ni-Ru ternary phases, except for several Al-Ni and Al-Ru binary phases.
In the course of examining the formation of quasicrystals in the Al-Ni-Ru alloy system, we frequently found a ternary Al-Ni-Ru crystalline phase with monoclinic structure, containing more Ru than Ni in a wide range of alloy compositions. This phase can coexist with Al-Ni-Ru Dphases with 0.4 and 1.6 nm periodicity and shows electron diffraction patterns similar to those observed from the monoclinic Al 13 Fe 4 . 11, 12) In contrast to Al-Fe, Al-Ni and Al-Ru binary decagonal quasicrystals, which can only be formed by the rapid solidification, an Al-Ni-Ru ternary Dphase can be formed by conventional solidification or by fully annealing procedure. Therefore, the information about local atomic arrangement features for Ni and Ru may provide some important clues to understand the formation of a ternary Al-Ni-Ru decagonal quasicrystal. The purpose of the present study is to reveal the detailed atomic arrangements in this monoclinic Al-Ni-Ru ternary phase by means of singlecrystal X-ray diffraction.
Experimental
Alloy ingots with compositions of Al 85 Ni 13 Ru 2 and Al 91:5 Ni 16:5 Ru 2 were prepared from pure metals Al (99.999%), Ni (99.99%) and Ru (99.99%) by a conventional arc melting method in an Ar atmosphere. Each alloy ingot with weight of only 1 g was re-melted at least 6 times after flipped over each time to ensure that high-melting-point element Ru can be completely melted and a homogeneous sample can be obtained. After some fragments of the obtained ingots were further heated over 1100 C and then cooled down to the appropriate temperatures, a kind of monoclinic crystalline phase with quite large grain size has been observed. As an example, Fig. 1 shows a back scattered electron micrograph of the Al 91:5 Ni 6:5 Ru 2 sample heat treated in evacuated silica tubes for 1 h at 1100 C, slowly cooled down to 900 C and finally quenched into an ice water after the annealing at 900
C for 5 h. The grain size of the A single crystal of about 0.05 mm squares was cut from each annealed sample and mounted to a glass fiber for singlecrystal X-ray diffraction. Intensity data sets for the ordinary structural analysis were collected in the !-2 scan mode on an AFC7R (Rigaku) four-circle diffractometer by using monochromated Mo-K radiation ( ¼ 0:071073 nm). After Lorentz and polarization corrections, an absorption correction was performed by means of a -scan algorithm. 13) For the ordinary X-ray diffraction analysis, least-squares software of SHELXL-97 14) was used together with the neutral atomic scattering factors and values of dispersion corrections provided by International Tables for X-ray Crystallography Volume C. 15) The cell parameters of each sample and experimental details for the measurements of Mo-K radiation were summarized in Tables 2-4 together with the final results. It may be added that the structure of the Al-Ru binary monoclinic phase 16) was also refined in the present study. Since the Al 76:5 Ru 23:5 ingot prepared by the arc melting is mainly composed of monoclinic phase, a single crystal sample of the binary monoclinic phase was selected from an as-melted ingot without further high temperature annealing.
Strucural Analysis
The intensity distribution of the binary monoclinic Al 13 Ru 4 phase leads the Laue symmetry of 2=m together with a systematic extinction rule of h þ k ¼ 2n for hkl reflections. This observation readily suggested the possible space group of C2=m (No. 12) with center symmetry similar to the case of Al 13 Fe 4 . 11, 12) Additionally intensity patterns of the Ni substituted monoclinic phases indicated no significant changes from those of Al 13 Ru 4 , the space group of C2=m (No. 12) was selected for further analysis. Starting from the initial structural parameters of Al 13 Ru 4 , 10) several iteration of least-squares calculation allowed to assign 20 independent Ru/Ni (1) (10) Table 2 .
Results and Discussion
The structure of the present Ni-substituted monoclinic Al 13 (Ru,Ni) 4 phase is isotypic to that of the binary Al 13 Ru 4 phase and the structure is well known to be composed by the four-layer stacking along the b-axis with a flat layer at y ¼ 0 and a puckered layer at about y ¼ 1=4 (Fig. 2) . As can be seen in the hatched area in Fig. 2(a) , there is one Al atom surrounded by ten atoms located on a decagon. Such decagonal atomic arrangement is sandwiched by the pentagons with a centered heavy atom and subsequently by decagons with three Al atoms in the central region, so as to produce a typical columnar structure with a period of about 0.8 nm as shown in Fig. 2(c) . This columnar structural unit is frequently applied as a fundamental unit for the Al-Ni-Ru decagonal phases.
5)
The present analysis experimentally confirms the distribution of Ni only at five heavy metal sites; Ru/Ni(1), Ru/Ni(2), Ru/Ni(3), Ru/Ni(4), and Ru/Ni(5). These features are different from those reported in Cu substituted Al 13 Fe 4 phase, where some light metal sites were substituted by Cu. 17) Therefore, Ni is suggested to replace negative or neutral Ru of Al 13 Ru 4 structure in the chemical region up to 6.0 at% Ni. It may be noted that a slight preference of Ni was detected at Ru/Ni(3) and Ru/Ni(4) sites, which are the constituent positions of the flat layer of Fig. 2(a) . Since the distances of Ru(3)-Ru(3) = 0.3022(1) nm and Ru(4)-Ru(4) = 0.3050(1) nm are the nearest and second nearest among the Ru-Ru pairs in the structure, an inhomogeneous middle range distribution of Ni may be suggested in the monoclinic Al 13 (Ru,Ni) 4 structure.
The cell volume is reduced as a function of Ni contents and this corresponds to the difference in metallic radii of Ni (0.125 nm) and Ru (0.134 nm).
18) The b-axis, however, is slightly expanded as function of Ni content, and this suggests the anisotropic contraction of the monoclinic Al 13 (Ru,Ni) 4 structure with the increment of Ni content. It is interesting to recall the layered structure of the monoclinic Al 13 (Ru,Ni) 4 in Fig. 2 . Any inter-atomic distances of each site could be ranked into two types; one is the distance between the atoms in a similar layer, the other is that between the atoms in the neighboring layers. In the case of coordination polyhedora around five heavy metal sites, the distances in the similar layer indicates larger contraction than those between the neighboring layers. This anisotropic change of the heavy metal coordination correspond well with the relative expansion of the b-axis detected for the Al 13 (Ru,Ni) 4 structures.
Since the chemical composition of the decagonal-AlRuNi phase with a 1.6 nm periodicity is around Al 73 Ni 16 Ru 11 in the Ni-rich area, it is not feasible to discuss the distribution of heavy metals for the decagonal phase by using present structural data alone. Nevertheless, the sharp resolution of HAADF images for the decagonal phase 5) may suggest the simple substituent relationship between Ni and Ru in the fundamental columnar structural unit in Fig. 2(c) .
Concluding Remarks
The structure of the monoclinic Al 13 (Ru,Ni) 4 phase was refined by single crystal X-ray diffraction. The results readily indicate the anisotropic contraction of heavy metal sites by the substitution of Ni for Ru. This leads a suggestion of rather wide variation in chemistry for the pentagonal columnar unit as a fundamental atomic arrangement of the decagonal AlRu-Ni phase. Nevertheless, this suggestion should be tested by the more systematic structural analysis of the structural study of the orthorhombic Al 13 (Ru,Ni) 4 phase together with novel hexagonal phase around more Ni-rich area in this AlNi-Ru system. Al (10) Al (6) Al (14) Al (7) Al (12) Al (11) Al (9) Ru/Ni (2) Ru/Ni(1) Al (13) Al (8) Ru/Ni (5) Al (20) Al (16) Al (18) Al (17) Al (15) Al ( 
